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For cotipl~teness,laeasurementswere also made of tie Incmmen’tal
Pitch~~ Wrleat, Xa.-wirgmmiznt, nomai force, rolltng mcment, and
tA2USt &tietO ~ic~lallw o~eration. These ?mmsl~ementa v9re som.awhat
exibiguousin that they represented the combined effec+t of flmelage
inkerf~rence and direct propeller forces; ‘&er&ore, they ws~e not
Gnalyzed. This ‘aiibi@ty is not prese::tin the measuvemnt of lateral
fo:ce,

%$
eince a pro@ “$ in FItch is knma to experience no aFpreciahle

lateral force.;
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2 . NACA TN No. 1210

force are BKLl obtained when the vertical and horizontal tails are
removed. A part of the yawing moment is developed by the propeller
because of its inclination in pitch (references2 am.d3). The
larger part may be attril.nrkdto ‘theslips’~rem-inte~-ferenceforces
on Ike ‘ding and fusdage-

~pec~flatf~ on the orig~ of the inte~%erel.iceforces Oa the wing
aiidfuselage led to en ideal.fzsdpicture with the slipstraeznro?ation
represented by tie flow about a vortex. If &Ms vcztix la IJOUMLin tie
fuseiaga and alined with the longitud,ir.alaxis tk body contour will
‘hea stream el.mfaceof the flow. Even in the absence of a wing and
tall this representatim leads to a yawi~ moment and a lateral
fovce, both proportional to the angle of ~itch and to the ~llpstream
rotation.

A wind-tunnel investigation was made in tie Langley atabil.fty
tur.mi prirmrily to check the pre~icticms for tileIa%yal force on a
f~l~~l~g alona. Most of the maaeurem~nts ware mXle at 10W thruot
cc)efficientfcr reasons of pra:tilcabfiity,since the eflsentlalft3atuxes
of slip~trean-fuseh.geinterfe~enceq be Gheervod without carrying
the tests to We high values of thz.z.ustcoofilcient at which the effects
are prcminent on actual akplams. ‘l’hethsory is ftrst presented in
some detai.1~en~ then tineexperfuents are descri%ei and tineineam.re-
ments of lateral force ime compared with We pre~ictiona.

The force and mcxmentcoefficients are based on the vol.nm of the
t’twc?uige.‘.Fheforces and mnente are referred tQ a system of rec+qular
Iody axes with origin at the one-qwter-leng’th point of the fum].age.
The X-axis lies alo~ the longitudinal axis of the fuselage and IB
directed forward, the Y-axis is directed to the right, and the Z-axis
is dircctod downward. The positive sense OJ?a force agrees with the
positive sense of the force axis and the positive sense of a moment
follows that of a right-hand screw prog~eeeing in the pcsi.tivedirection
of the moment axit3.

D diameter of yropellor
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R radius of propeller

r station radius

b section chord
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Under average conditions tie ro@Lion in a slipstream does not
differ mnch from tilerotatlan about a line vortex; tkat is, the
rotatlmal velocity is relatively large near th9 center and decreases
toward the ouhelde. Exact equivalence occur~ l’hentilecirculation
is corlstantalong the propeller blades, a ccnditlan of almost uniform
distribution of thrust over the disk area for lightly loaded propeller.
Then no vorticity will be shed along the bladee, and all tie vor’McitY
will appear in a central vortex of strength r and B tip vortices of
strenSth r/B each, and of opposite sense where B is the number
of blades.

A blade element of length &r at radius r will ~XP0rb3nCe
a compomnt of force in the plane of the puopeller of amount

pu(l + a)% dr, where U(l + a) Is -theaxialvelocity at the ~ropellcm

disk. The total propeller torque Is therefore

.
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Q=

i

BpV(l+a)$. rdr

~a

Inflow factor a is almost ccnstit o~er ths propeller
assumed load~~. The expreeslon is thus ayprcxxlmately

disk for

(1)

the central vortex 1’ to the

on a ‘?JOdythe vortex Wo’nld
trail frsely aoti the csntor of ‘Lheslipstream ~;lsta~ ‘i% tiy
vcrtfcss Lyail freely alor~ a lmlix and constitute the slipstream
hounky. The fueelage or nacelle (assumed to be a body of uovolu.tion
for simplicity) must, hoiisver,be a s+ream e-arfaceof ‘ho fl.m. ZW
determination of t?Iei’lowim:osfi~a tuu.nfiay;value pro%le.mof an unusual
kind. The B progeller vovticea of total ci~culatfon T may be
assumed either to enter the bo&y at the sptimr or to ke shed.from
tineblads roots at the spfnnero In either case this vorticity must
evenbwa~j leave tlhebody end !rafl with +Aa getieralflaw. The
vorticity can leave the body at sta~atl on points only, and the free
emergent vorticity must fol.lo-wstreainlinee. !lheposition of tine
stagnation yoints and the shape of these streemltnes ere not ho-wever
lmowa in advance because they are, in general, Influenced by the
Vorticity.

For the yazztlcularcase in which tilefuselage is alinsd with
the six-~anidfrection th~ protlem ycmsessee a stmple solutton. “he
ce.n-~alvorbex r wv be considered to pass through the ?Jodyalong the
longit.ud~ Euyisand,“t continue behind +thebody a= a free vorkex,
also along the ti:s. The vortex flow thus fits the fuselage -Othl-y .
an~ the position of the rear stagnation point and the straighb shape
of ‘&e s’%gaatiofistreamline me ucaf’fecte~by this flow.

If’+&e fuselage is inclj.rnedto the stieam 3y a @mall angle, the
rear stagnatia potntj in the abeence of vorticity, will still he near
the reer eat. Maw consider the central slipstream vortex r +ahe
hound along the longitudinal ~is as before and to emerge as a f~ee
vortex at the S@IlatiOIl point and to trail.alo~ ti%es+zatioa

: s’ti’eemlineas in figure 1. The flow induced by the hwzxl part of ,
the
The

., the

vortex is in coiicentriccircles and so fit8 the fusel+e snootily.
flow lnd~cet by the free part of the vortex does not quite fit
fuselage emootib~. A small.additional flow wili therefore Me



place - it can, in principle, le calculated12ypo+hmtial theory -
in such a way that the comlJfnedflow wi?.1fi.tthe fuselage s-moothw.
If the vortex ehrength 1? (which is ~umpo~tlonal to the sl.1-pstream
ro+ttion) is small, it appears ~hat tl.eposition of the rear
s+etion point will not be groatiy alterei ky ttis cotiination
of QGrtaX flow and vortex-induced additional flew. T&us tho
representation in figu-e 1, the vortex-indnced ad.d.itionalflow, and
tne flow of the sources, sinks, and doublets ‘&at make.the “bodya
stroem surface of the flow In tinealmence of a vortex, provide
an approximation to a poi3s131eflow akout the i.nclimxlfuselage M ‘&e
rotating slipstream.

T3e Influence OY the propaller tip v.mticss m the flow al)out
the fuselage has thus far l)eenjgnomd., !l%esetip vo~ti.cesfom a
hel~ of which the main effect is to in3.ucethe well-known dipstmmm
axial inflow veloclty. ‘l?hisinflow velocity is accouate~ for by tlhe
factoz* a in the equations. A seconr?!y effect, which disappears if
the number of ~~opeller bla~.esis infinite, is a small influence on
the rotation In tic3slipstream. T’hzssecondary effect may be i’u@ected
if’the angle of attack of-tinefuselage ia small so that the fuflelage
now.nereapproaches the slipstream boc.n.ri~”y.

If the fuselage Is at-an singleof attack a the lmund vortex is
inciined by the angle a - c to the local stream velocity, where C
iu the downwash yroduced by the propeller. (See fig. 1.) The fuselage
should therefore experience a lateral forco

Y= -ptE’2(1+ 2a) sln (m -C) (2)

If the yropeller has the usual right-hand rotation (viewed from the
rear), r is positive and the lateral force is negative (toward tho
Iaft). Tha center of prassure i~ at the canter of-the fusalage; there
~ho~d beJ ~erefore~ a yaw~ng ~ment about the quarter-length pOi.nt
of the fuselage of amount

d

i

.

.

N = _QrJ&.- (l+2a)6in (a-c)
4

(3)
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For right-hand rotetion this mcment is positive.

Corresponding expressions result for a normal force and pitching
moment due to yaw. For right-hand rotation the normal force should
ho upward (negative) and the p~tchin$ moment negative.

Tlaevalues of lateral-force end yawing momont given by
equations (2) and (3), respectively, are a little too large. A small
opposing lateral torte induced at the rear end of the fuselage by the
curved part of tie ‘trailingvortex has been neglected. Also, the
helical tip vortices are deflected downward somewhat by the flow about
the fuselage. This deflection induces a small further reduction h
lateml. force. The exact lateral force can he obtained by a
consideration of the lateral momentum associated with tie relative
dieplacenent of the trailfng central vortsx and the helix center
line far back in tiie wake.

The circulation of an actual propeller blade will not he
comta.nt as asmz29d in the simple theory. The refiuctionof blade
wid~ ?iearme 6h&~& ~r’~tb d-~?~’tu~eof ‘~e dJ~!Aksfr~-~a~rfoll
shap9 will caur~een aypreciabla ~~~’t of ri@t-ha.ml vorticity t-abe
shed outf3ide the fusahge. This part of the vorticity will trail with
the gsaaral flow. Sou.eat+=pts k~e keen mada to evaluate, by crude
approximations, the influence of this ~free-trailingvorticity. The

reSUltS Enzggestthat equatims (2) and (3) Still pzzovtdesolutions

of tiL8right order of ma.$tittie. A really qu&ntitative solution
would present formidable difficulties.

A more pictorial interpretationmay le made of the origin of
these forces. The rotating slipstream is conside~ed to be constrained
to follow the fuselage so that the exie of rotation is a~proximately
alined tith the lcmgitud.inalsxie. If the fuselage is at an angle
01’atkck and the rotation in the slipstream has a right-hand sen6e,
the rotatimal velocity has a downstream component to the left of the
fuselage and en upstream compongnt to the rtght of the fuselage.
Tfieresultant velocity is therefore greater on the left side @f the
fuselage thaiion the right side. Accond.ingto Bernoulli’s principle
the pressure an the left side must be less thsn the pressure cm the
right side. The result ie a lateral force to the left.

The addition of a wing to the fuselage would appear to have two
effecte. First, the wing would remove a large p,rt of the slipstream
rotation. SecondJ the downwash of the ~ in pitoh WGulclconsiderably
reduce the effective inclinaticm of the rear part of the fusela~e.
The theory may therefore
p~”esentby apyropvletdly
stream vortex behind the

Ye extended to the case in which a win~ is
reductng the _@ of tie central elip-
center of pressure of the ting and by taking
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into account the downwash behind the wing in computing the forces
cm the central slipstream vortex. Addition of tie wing has thu~
moved the center of prwmura of the I-atei-al force far forward.
The rewul.tantyaw~~ moment is toward the left for conventional
ctir3e8,vhereae for the fuselage alone it fa toward the right.

In the tests to “Dedescribed the downwash angle c Is Eimal,l
s.M ?m.ybe tak~il, with sufficient accuracy, equal to the theoretical
Gownwauh far behind the isolated propellor. This cio~mwashis
as~cmiated with the propeller no-l farce end can be detezz.ninedby

the proceWreB of Yeference 3. ETheccmrputedvalues of l-~ at

zero thru9t for the six propellers that were tested are included im
table I. The -m..luesfor zero thrust are considered representati~e
because most of the tests were run at low values of Tc. For tke

same reason the propeller inflow factor a may Ye dlsr~garded in
com~aring tho tusts with theory.

The experimental

iLDl?ARAT~~KIW

investigation

MOIELS

was conducted in the 6- by 6-foot
test sccti.onof the Le.ngleystaM.lity tunnel. The model wae mounted
on a ein@.e strut extending from the rear of the fuselage to the
tumnel bal.anccs. The strut was constructed of hollow steel tubing
end served also to house all the motor leads. The errangomcnt is shown
in figme 2.

Tne modal consieted of a fcselage of circular cross .sGctlon
which waQ testud alone and in combination with each of SIX different
propei.1.ers.The fueelage was made of mahogany ti the dimensions
@ven in the table containod in figure 3. F@ure 3 shows also the
i’u&el~ge-support&r.ction and the location of the propol.lers.

Six four-blade right-hand wooden propollors wero tostod.
(See fis. k.) The yropollere were fomaed from identical 26-irich
propei].orsby cutting off the ends of four to provide Mamters
of X2 inches, 19 tithes, and 26 inches. Three of’the popd.lera had
blade angles of 18.9o at 0.75 of a is-inch radius, and tho r~~ining

thee had blade emgles of 39.40 at the saw station. The blade-form
curves for the two basic 26-inch propellers are given in figure 5.
Side-force factors (reference4) for tho six propellers, eetimatud
from theso curves, are given in table I. The values for the 26-inch
Propellers were obtained by the method of reference ~ and the values
for the cut propellers were obtained from these values by tho
consideration of refe~’ence4. The blade sectims in-DO~d of 5.2 Inches

.

I

I

i
I

.
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.

from the center wereassumed to make no contribution to the sfde-force
factor.

The propellers were driven by a three-phasa induction motor for
which a torque-calibrationcurve was available. The rotational speed
was controlled by varying the frequency of the current Input.

!)33STS

The fuselage alone and in combination with each of six propellers
was tested through an angle-of-attack range from -1° to 30°. The
an~le of yaw was zero at all timee. l’hepropeller torque was held
constant during each run. The values of torque used in the teets
ranged from 1.6 to 8 foot-pounds in increments of 1.6 foot~po-mds.
For the higher-pitch propellers of 26-, 19-,and 12-inch diameter the
upper limits of’torque were 3.2, 4.8, and 8 foot-pounds, respectively;
for the lower-pitch propellers of 26-, lg-,and 12-f.ncLdiameter, the
upper limits of torque were 4.8, 6.k,and 8 foot-pounds, respectively.

All tests were made at a dynamic presmre of 19.9 pounds per
squaz-efoot, which corresponds to a velocity of about 91 miles per hour.
‘I’heReynolds n@er based on the totil length of the fuselage was
about 3,000,000.

PRESEBTTATIONOF IWTA

-.
The data have been corrected for deflectim of the model support

under load. In the absence of a suitable theory no correction have
been applied for the effect of the tunnel-wall constraint.

The mriation with angle Gf attack of the force and momont coef-
ficients for the fuselage alone is FreSentf3din figure 6. These values
were subtracted fmm the comespondlng values for the propeller-fmelage
combinations and the net results are presented as increments in
i’igure7. The coefficient plotted In figure 7 therefore represent
the forces and moments acting on an isolated yropeller plus the
additional forces and moments on both propeller and fuselage due to
propeller-fuselage interference.

.

.
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lTdSULT’SAND WXKXHSION

A lateral force E@. yawing momont due to elipwtre~~,rotation
in conjunction with pitch appe= in the experimental resulte of
fifiure7, as predScte& hy theory. !?hepred~ctlon for lateral force
(equatims (i) and (2)) maybe exp~esset in tinecoefficient form

c#
-—.. .. — = Consknt x CL
Qc t@3

(4)

if the slipstream factor a is neglected as >eing smn~l. The values
of the theo~wtical constant for the eix uroyell.erflare included In

&Ji$==
ta?le 11. The exper?;mentalvalues of ‘~ ‘ up toobs~

Q. ‘$/3 ‘or Qc
are plobted in figure 8 with the theor~t~cal line (equation (4)) for
Ccn?lparla!xl. The agreement d EWR1l anglee of attack varies frcm poor
to good. The aver&ge slop~ through zero for tie 23 experimental cuxves
is about 15 percent lees than the Iiheomttcal slope and the averwy
hdivid.uul scatter is :11 percent. (Individualvalws mm @ven in
tab~.eII:) ~Le simple tJLecIry of pl’o~elier-fusela.ge interfore:icethufl
provides a fairly q~”Lti.tativepredictim of the I-ateFalforce due to
~,itchor fiorualfol’cedue to yaw.

The variation of lateral-forco coefficient ~ with torque

coefficient Qc’ is shown in figure 9 for fixed diameter and angle

of’‘attack. The variatlan shows the theoretical ltiearity only up
to Q ‘% o.~8. The theory Implies small values of r , cr ccrre-

C
s“pondlngl.ysmall values of Q= ‘; there:ore measurements at M.eier

ve,iuesof torque cca?ficlent were not used in the pxeperation of
figure 8.

Qumtitatlve comparison could not be mado with the tlmoreticai
valuo of tno fuselage yawing moment because tho mmsure-ments included
a propeller yawing rzoment(references2 and 3) of Uncertatn magnitude.
rilheSensu of tihocomhlned moments at small angles of attick Woes
however: with the theoretical prediction. Four other quantltlt3s-
pitching moment, normal force, rolling momsnt, a,r.dthrust - are includwl
for completor.essin figtie 7$ These measurements, like the measure-
ments of yawing momentjmre somewhat ambiguous in that they reyresent
the combined effectm of fuselage inter~erenco ~ direct propeller
forces; thoreforo they were not analyzed. TMs mibiguity, however,
is not preeent in the measurement of the lateral force, since a
propollcn?in pitch Is known to experience no appreciable lateral force.

i

I-:
I

I

.

.
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comLJ.JmNG ~

Slipstream rotation about a fuselage witiout wing or tail
leads to a fuselage lateral force emd yawirg moment for pitch or a
fu~elage normal force and pitching moment for yaw. The forces are
pro~ortional to slipstream rotation, measured by the ratio of
P~oPe~er torque to tie sq~ of the diuter$ and to an@e of
inclination.

-.

These forces are predicted by en approximate theory tiat
represents the effect of slipstream rotation by the flow stout em
=quivalent vortex 3ound in the fuselage and alirmd titlhthe lolLgi-
tudinal axis. Vind-tmnel measurements in pitch for 6 four-blade
propeller of several diameters and blade eugles yielded.values
of fi!selagelateral force of the order of magnitude predicted by
the theory. .

The theoretical represen~tion may be extended to ‘thecase of I
a fuselage witlha wing by reducing ‘de vortex strength behind the
center of’pressure of the wing to allow for the slipetz?eamrotation
removed by the Wi~ and by taking into accamt the downwash from
the wing. A left yawing moment caused by pitch is indica’~d for the
fuselage with wing in coiitradistinctionto the right yatiL~ moment
found for the fuselage witlnoutting.

.

Lan@ey Memorial Aeronautical Laboratory
National Advisory Ccmmi,tteefor Aeronautics

Langley Field, Vs., November 15, 1946
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TABIJ!I

SI13E-FOR~ FACTORS FOR THE SIX

ASEKX!IATEDWmE THE

— t

PROPELLERSANDImnwwAsIi

NORMALFORCE

P~fl D I S.F,F.

(deg) (in.)

(26 1o1.4
39.4 < 19 159.0

112 ! 234.0

f 26
i~9

99.0
18.9

1
162.0

12 254.0
~. —

a~
1 ..—

da

=949
.917
● Qo

NATIONALADVISORY
COMMITTEEFOR AERONAUTICS

.

.
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TIUILEII

SLOl?ETHROUGR ZERO ANGIE OF ATTACK OF TEE CURVES OF
LATERAL-IDRCE PARAMETER PLOTTED IN FIGURE 8
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(a) Three-quarter frontview.

Figure 2.- Propeller-fuselage-interference model with 26-inch-
diarneter propeller.
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Figure 4.- Six propellers used for propeller-fuselage -interference
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